Since the discovery of symbioses between sulfur-oxidizing (thiotrophic) bacteria and invertebrates at hydrothermal vents over 40 years ago, it has been assumed that autotrophic fixation of CO 2 by the symbionts drives these nutritional associations. In this study, we investigated Candidatus Kentron, the clade of symbionts hosted by Kentrophoros, a diverse genus of ciliates which are found in marine coastal sediments around the world. Despite being the main food source for their hosts, Kentron lack the key canonical genes for any of the known pathways for autotrophic fixation, and have a carbon stable isotope fingerprint unlike other thiotrophic symbionts from similar habitats. Our genomic and transcriptomic analyses instead found metabolic features consistent with growth on organic carbon, especially organic and amino acids, for which they have abundant uptake transporters. All known thiotrophic symbionts have converged on using reduced sulfur to generate energy lithotrophically, but they are diverse in their carbon sources. Some clades are obligate autotrophs, while many are mixotrophs that can supplement autotrophic carbon fixation with heterotrophic capabilities similar to those in Kentron. We have shown that Kentron are the only thiotrophic symbionts that appear to be entirely heterotrophic, unlike all other thiotrophic symbionts studied to date, which possess either the Calvin-Benson-Bassham or reverse tricarboxylic acid cycles for autotrophy. 
Introduction
by its hosts (21, 22) . Unlike most ciliates, which consume their food at a specific location on the cell that bears feeding structures composed of specialized cilia, Kentrophoros has only vestiges of such cilia, and instead directly engulfs its symbionts along the entire cell body (23) , suggesting that Kentron bacteria are its main food source.
Given that all previous studies of thiotrophic symbionts, including Kentron, have characterized them as autotrophic, we expected that the pathways of energy and carbon metabolism used by Kentron would resemble those in other thiotrophic bacteria involved in nutritional symbioses. In this study, we used metagenomic and transcriptomic analyses of single host individuals to show that the Kentron clade lacks the canonical pathways of autotrophic CO 2 fixation. Based on a metabolic reconstruction of the core genome from eleven Kentron phylotypes collected from three different sites, and results from direct protein stable isotope fingerprinting, we propose that it is a lithoheterotrophic nutritional symbiont, relying on assimilation of organic substrates rather than fixation of inorganic carbon to feed its hosts.
Results

Symbiont genome assemblies have high coverage and
completeness, and represent eleven phylotypes 
Genes for key enzymes in known autotrophic pathways are absent
Unlike other investigated thiotrophic symbionts, the genes for ribulose-1,5-bisphosphate carboxylase/oxygenase (RuBisCO) and other key enzymes in known autotrophic CO 2 fixation pathways (Supplementary Table 3) were not predicted in the binned Kentron genomes by standard annotation pipelines. A gene annotated as RuBisCO in Kentron sp. H fell within Group IV of the RuBisCO family (Supplementary Figure 3) . Group IV RuBisCOs, also known as RuBisCO-like proteins (RLPs), are not known to play a role in carbon fixation but participate in a variety of other pathways such as thiosulfate metabolism (25) .
To rule out the possibility that genes for these enzymes were not found because of misannotation, incomplete genome binning, or problems with genome assembly, we aligned raw, unassembled reads from Kentrophoros metagenome libraries to the curated SwissProt database of protein sequences. Key autotrophy proteins had coverage values (median 0.00, max 69.3 FPKM) that were always lower than the median coverage of reference proteins from the TCA and partial 3-hydroxypropionate (3HPB) pathways (Figure 2a ). In 89% of cases, the coverage was at least 50-fold lower than the reference median, and if not, the majority of reads could be attributed either to other microbial genome bins in the metagenome (mostly RuBisCO or AcsB), or to to the RuBisCO-like protein in Kentron H (Supplementary Figure 4) . Metatranscriptomes of two phylotypes (H and SD) were also screened with the same pipeline, and key autotrophy proteins again had coverages that were always below the median of the reference set (median 0.00, max 1.62 FPKM)
(Supplementary Figure 5) . We interpret this to mean that canonical autotrophy genes were indeed absent from Kentron genomes, and not merely misassembled or mispredicted. 
Evidence for lithoheterotrophic metabolism in Kentron
Kentron genome annotations suggested a lithoheterotrophic metabolism, in which energy is produced by oxidation of reduced sulfur, and carbon is assimilated in the form of organic compounds ( Figure 3 ). 
Electron donors and energetics
Kentron genomes encoded a hybrid Sox-reverse Dsr pathway for sulfur oxidation, similar to other symbiotic and free-living thiotrophs (e.g. Allochromatium vinosum), which would allow the use of thiosulfate, elemental sulfur, and sulfide as energy sources (26, 27) . They had a complete electron transport chain for oxidative phosphorylation and an F 0 F 1 -type ATP synthase. The only terminal oxygen reductase predicted was cbb3-type cytochrome c oxidase (complex IV), which has a high oxygen affinity and is typically expressed under micro-oxic conditions (28, 29) . In the two Kentron phylotypes for which expression profiles were available, this set of functions was among the most highly-expressed genes (Supplementary Figure 6 ). 
Uptake transporters for organic substrates
Genes encoding uptake transporters for organic substrates were abundant in Kentron genomes and were also expressed in the transcriptomes (Supplementary Figure (PPi-PFK) respectively. These catalyze reversible reactions that could also function in the direction of gluconeogenesis. These reversible alternatives have been found in other thiotrophic symbioses, where they have been proposed to function in a more energy-efficient version of the CBB cycle (30) .
Genes for pyruvate dehydrogenase and the complete oxidative TCA cycle were present, including 2-oxoglutarate dehydrogenase, which is often missing in obligate autotrophs (31) .
The reductive equivalents for the key steps of the oxidative TCA cycle were also present, namely ferredoxin-dependent pyruvate synthase, ferredoxin-dependent 2-oxoglutarate synthase, and fumarate reductase. However, because neither ATP citrate lyase (ACL) nor citryl-CoA lyase/citryl-CoA synthase (CCL/CCS) were predicted, a canonical autotrophic reductive TCA cycle was not predicted.
Heterotrophic carboxylases also had relatively high expression levels. Ferredoxin-dependent pyruvate synthase was present in multiple copies per genome, of which the highest-expressed were at the 98.4 and 93.0 percentiles in Kentron H and SD respectively (Supplementary Figure 6 ). GDP-dependent PEP carboxykinase, which can replenish oxaloacetate anaplerotically, was also highly expressed (93.0 and 96.7 percentiles) (Supplementary Figure   6 ). Unlike PEP carboxylase, which was not predicted, PEP carboxykinase catalyzes a reversible reaction.
The glyoxylate shunt, which enables growth solely on acetate as the only energy and carbon source, appeared to be incomplete, as malate synthase was predicted but not isocitrate lyase.
Other pathways for growth on acetate, namely the ethylmalonyl-CoA pathway and methylaspartate cycle, were not predicted either. 
Storage compounds
In addition to elemental sulfur, Kentron also have the potential to store and mobilize carbon (as polyhydroxyalkanoates (PHA) and starch/glycogen) and phosphorus (as polyphosphate).
Genes related to PHA synthesis were among the most highly-expressed, namely those 
Carbon stable isotope fingerprinting (SIF) of Kentron
Measuring the natural abundance ratio of carbon stable isotopes However, the ability to fix CO 2 alone is insufficient evidence for autotrophy, which is defined as the ability to grow with inorganic carbon as the sole or major carbon source (38) , because heterotrophs can also fix CO 2 to some extent, e.g. via anaplerotic reactions in the oxidative TCA cycle (39) . Such heterotrophic fixation can account for 10% or more of total cell carbon in some bacteria (40, 41) . The strictest standard of evidence for autotrophy requires cultivation to show growth in the absence of organic substrates or to measure growth rates and carbon stoichiometry, but Kentrophoros and its symbionts remain unculturable.
Kentron had two heterotrophic carboxylases in the central carbon metabolism, ferredoxindependent pyruvate synthase and PEP carboxykinase, that were both highly expressed. The former is involved in carboxylating acetyl-CoA to pyruvate, which can occur when the storage polymer PHA is mobilized. The experiments of Fenchel & Finlay (21) were performed with freshly-collected organisms that had visible cellular inclusions, and were conducted with filtered coastal seawater, which typically has more dissolved organic carbon than oceanic seawater. It is therefore likely that storage polymers and organic substrates were present in the symbiosis that were mobilized or assimilated, and that the measured CO 2 assimilation was due to heterotrophic carboxylation.
Could Kentron use a novel autotrophic CO 2 fixation pathway?
Different autotrophic carbon fixation pathways each have characteristic degrees of isotope fractionation discriminating against the heavier isotope Meiofaunal hosts like Kentrophoros and stilbonematine nematodes, in contrast, are much smaller, cannot span substrate gradients, and must be able to tolerate fluctuating anoxia.
Given that shallow-water coastal environments also receive more organic input, for example from land or from seagrass beds, than deep-sea hydrothermal environments, it is not surprising that the shallow-water meiofaunal symbioses have more heterotrophic features than the deep-sea ones (Table 1) .
Ecophysiological model of the Kentrophoros symbiosis
Based on our results and previous descriptions of morphology and behavior in Kentrophoros
and other thiotrophic symbioses, we propose the following model for the ecophysiology of this symbiosis:
Kentrophoros fuels its growth by the phagocytosis and digestion of its symbionts, which was previously observed by electron microscopy (22) . There has to be a net input of energy and Our metabolic model has parallels to free-living thiotrophs (63, 64) and to heterotrophic bacteria involved in enhanced biological phosphorus removal (EBPR) from wastewater (65).
What they have in common is their use of storage inclusions as metabolic buffers for fluctuating oxygen and nutrient conditions. For example, lithomixotrophic giant sulfur bacteria like Thiomargarita and Thioploca survive anoxia by using nitrate stored in vacuoles as an alternative electron acceptor to partially oxidize sulfide to elemental sulfur. They also use polyphosphate for energy and can store assimilated carbon as glycogen or PHA (64, 66) .
Conclusion
We have shown that a diverse and widespread clade of symbiotic sulfur bacteria lacks genes encoding canonical enzymes for autotrophic CO 2 fixation, despite being a food source for 
Core-and pan-genome analysis
Ortholog clusters of Kentron protein sequences were predicted by first performing a 
Verifying absence of key genes for autotrophic pathways
Key enzymes that are diagnostic for known autotrophic pathways were identified from the literature (42, 88-90) (Supplementary Table 3 Table   3 ), which were annotated in Kentron genomes and thus expected to have much higher coverage than the putatively absent genes.
Identification of transporter genes for substrate uptake
Families and subfamilies of transporter proteins from the Transporter Classification Database (TCDB, accessed 2 Feb 2017) (93) that were described as energy-dependent uptake transporters for organic substrates were shortlisted (Supplementary Table 5 , >30% amino acid sequence identity, and >70% coverage of reference sequence, parameters from (53)) against TCDB. As TCDB also includes non-membrane proteins that are involved in transport (e.g. ATPase subunit of ABC transporters), we also counted how many hits contained transmembrane domains, predicted with tmhmm v2.0c (94) . To compare the transporter content between genomes, the tabulated counts of organic substrate uptake TC family hits per genome were analyzed by non-metric multidimensional scaling (NMDS) with the metaMDS function in the R package vegan v2.5.1 
1D-LC-MS/MS
All peptide samples were analyzed by 1D-LC-MS/MS as previously described (99) 
Protein identification and quantification
A database containing protein sequences predicted from the Ca. Kentron genomes described above and predicted protein sequences from a preliminary host transcriptome was used for protein identification. The Ca. Kentron protein sequences were clustered at 98% identity with CD-HIT v4.7 (100), and only the representative sequences were used for the protein identification database. The cRAP protein sequence database (http://www.thegpm.org/crap/), which contains sequences of common lab contaminants, was appended to the database. The final database contained 5,715 protein sequences. For protein identification, MS/MS spectra were searched against this database using the Sequest HT node in Proteome Discoverer version 2.2 (Thermo Fisher Scientific) as previously described (5).
Direct Protein-SIF
Stable carbon isotope fingerprints (SIFs = δ 13 C values) for Ca. Kentron symbiosis were determined using the proteomic data (36) . Briefly, human hair with a known δ Table 11 ). These samples were thus well above the necessary number of peptides needed to obtain an accurate estimate. Due to the low biomass of the individual Kentrophoros specimen (~ 10 µg) only 14 peptides with sufficient intensity for direct Protein-SIF were obtained for this sample. This lower number of peptides for the individual specimen can potentially lead to a lower accuracy of the respective SIF value, however, since the value fell in the same range as for the pooled samples we assume that the estimate is sufficiently accurate.
Dissolved inorganic carbon δ 13 
C
Seawater and porewater samples were collected from the vicinity of seagrass meadows at Sant' Andrea, Elba, Italy in July 2017 to determine the δ 13 C of dissolved inorganic carbon (DIC). Seawater was sampled at the surface from a boat, whereas porewater was sampled at 15 cm sediment depth with a steel lance. Samples were drawn into 20 mL plastic syringes; 6 mL of each was fixed with 100 µL of 300 mM ZnCl 2 , and stored at 4 °C until processing. 
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